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The isoprostanes (IsoPs) are bioactive prostaglan¬ 
din-like compounds derived from the free-radical-cat- 
alyzed peroxidation of arachidonic acid in vitro and in 
vivo. IsoPs possessing either an F-type prostane ring 
(F 2 -IsoPs) or D/E-type prostane rings (DjJEa-IsoPs) are 
formed depending on whether IsoP endoperoxide in¬ 
termediates undergo reduction or isomerization, re¬ 
spectively. Little, however, is known regarding factors 
influencing the formation of various classes of IsoPs, 
particularly D.^/E^IsoPs. Thus, studies were under¬ 
taken to examine the formation of Dg/Ea-IsoPs in rela¬ 
tion to F 2 -Isops both in vitro and in vivo. In peroxidiz- 
ing rat liver microsomes, the formation of D 2 /E 2 -IsoPs 
increased in a time- and oxygen-dependent manner 
and correlated with F 2 -IsoP generation and loss of 
precursor arachidonic acid, although the absolute 
amount of D 2 /E 2 -IsoPs formed exceeded by over 5-fold 
the levels of F 2 -IsoPs formed. Surprisingly, however, 
in liver tissue from rats exposed to an oxidant stress, 
levels of F 2 -IsoPs were up to 10-fold greater than those 
of Dj/Ej-I soPs, suggesting that an endogenous process 
causes IsoP endoperoxide reduction in vivo. Addition 
of glutathione (GSH) to peroxidizing microsomes at 
concentrations from 0.01 to 5 mM increased the forma¬ 
tion of F 2 -IsoPs at the expense of D a /E 2 -IsoPs. Boiling 
of microsomes did not alter the effect of GSH. Forma¬ 
tion of D 2 /E 3 -1soPs in liver tissue in vivo was greatly 
enhanced compared to F 2 -IsoPs in rats depleted of 
GSH. Thus, GSH modulates the formation of different 
classes of IsoPs in vitro and in vivo. Other thiols, in¬ 
cluding /3-mercaptoethanol, dithiothreitol, and cys- 
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teine, were able to substitute for GSH, These studies 
indicate that GSH promotes F 2 -IsoP formation and di¬ 
minishes D.yE 2 -IsoP levels in vitro and in vivo by caus¬ 
ing reduction of IsoP endoperoxides. © lass Academic Press 
Key Words: isoprostanes; prostaglandins; eicosanoids; 
lipid peroxidation. 


Free-radical-catalyzed lipid peroxidation has been 
implicated in the pathogenesis of a wide variety of 
human disorders (1-4). Nonetheless, much remains to 
be understood about mechanisms of oxidant injury in 
vivo. Autooxidation of fatty acids in vitro results in the 
formation of a number of products, including prosta¬ 
glandin (PG) 2 -like compounds {5,6). In the early 1990s, 
we reported that a series of PGF 2 -like compounds, 
termed F 2 -isoprostanes (F 2 -IsoPs), is produced in vivo 
in humans as products of the free-radical-catalyzed 
peroxidation of arachidonic acid independent of the 
cyclooxygenase enzyme (7). Formation of F 2 -IsoPs pro¬ 
ceeds through intermediates composed of four posi¬ 
tional peroxyl radical isomers of arachidonic acid to 
yield PGG 2 -like bicyclic endoperoxides. The endoperox¬ 
ides are then reduced to F-ring IsoPs (8). F a -IsoPs are 
primarily formed in situ from arachidonic acid esteri- 
fied in phospholipids and subsequently released pre¬ 
formed into the circulation, presumably by a phospho¬ 
lipase^) (9). Levels of esterified F 2 -IsoPs in tissues 
such as liver increase significantly in animal models of 
free radical injury, and quantification of the F 2 -IsoPs 

2 Abbreviations used: PG, prostaglandin; IsoP, isoprostane; GSH, 
glu.tath.ione; MDA, malondialdeliyde; BSO, bnthionine sulfoximine; 
GSSG, glutathione disulfide. 
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has proved to bo an important advance in our ability to 
assess lipid peroxidation in vivo (10). More recently, we 
have reported that in addition to F-ring IsoPs, IsoPs 
containing D- and E-prostane rings, termed D 2 /E 2 - 
IsoPs, are formed in vitro and in vivo in significant 
quantities from the free-radical-catalyzed peroxidation 
of arachidonate. In contradistinction to F 2 -IsoPs, how¬ 
ever, D 2 /E 2 -IsoPs result from isomerization of IsoP en- 
doperoxide intermediates rather than from reduction. 
At least one E 2 -IsoP, 8-iso-PGE 2 , possesses potent bi¬ 
ological activity and thus may mediate some of the 
adverse effects associated with oxidant stress (11, 12). 

Little is known of factors that regulate the formation 
of D 2 /E 2 -IsoPs in vitro or in vivo, especially in compar¬ 
ison to the formation of F 2 -IsoPs, except that levels of 
both compounds increase in a similar manner in the 
livers and plasma of rats administered CC1 4 intragas- 
trically (11). We have previously carried out a system¬ 
atic study of the formation of F 2 -IsoPs in comparison to 
the formation of malondialdehyde (MDA) and the dis¬ 
appearance of precursor arachidonic acid both in vitro 
and in vivo (13). We found that formation of F 2 -IsoPs in 
peroxidizing rat liver microsomes is affected by oxygen 
tension and is dependent on the disappearance of pre¬ 
cursor arachidonic acid in vitro. In addition, formation 
of F 2 -IsoPs and MDA increase proportionally at 0 2 
concentrations up to 21%. On the other hand, F 2 -IsoPs 
increase to a substantially greater extent than MDA in 
the livers of animals exposed to an oxidant stress in 
vivo. 

To determine the effect of oxygen tension on forma¬ 
tion of D 2 /E 2 -IsoPs, we carried out studies examining 
the generation of D 2 /E 2 -IsoPs in peroxidizing rat liver 
microsomes at various 0 2 concentrations and com¬ 
pared these changes to production of F 2 -IsoPs and 
MDA. In addition, it has been previously reported that 
the reducing agent glutathione (GSH) affects the rela¬ 
tive formation of PGD 2 and PGE 2 versus PGF 2o from 
the cyclooxygenase-derived bicycloendoperoxide inter¬ 
mediate PGH 2 (14). Thus, we also undertook studies to 
determine the effects of GSH and other reducing sub¬ 
stances on the relative formation of D 2 /E 2 -IsoPs versus 
F 2 -IsoPs both in vitro and in vivo, 

MATERIALS AND METHODS 

Materials. FeCl 3 , ascorbate, and CC1 4 were purchased from 
Fischer Scientific Corp. (Pittsburgh, PA). ADP, GSH, cysteine, 
p-mercaptoethanol, dithiothreitol, NADH, NADPH, and fatty acid 
reference standards were purchased from Sigma Chemical Co. (St. 
Louis, MO). Phorone and buthionine sulfoximine (BSO) were pur¬ 
chased from Sigma-Aldrich (Milwaukee, WI). Cytosolic glutathione 
peroxidase (bovine) and glutathione S-transferase (bovine) were ob¬ 
tained from Sigma. [ 2 H 4 ]PGF a „ and I 2 HJPGE Z standards for the 
quantification of IsoPs were obtained from Cayman Chemical Co. 
( Arm Arbor, MI). 

Microsomal incubations. Hepatic microsomes were isolated by 
differential centrifugation from male Sprague-Dawley rats (200- 


250 g body wt) purchased from Harlan Sprague-Dawley, Inc. (Indi¬ 
anapolis, IN) (13), They were given food and water ad lib. and housed 
under alternating 12-h light and dark cycles. The rats were fasted 
overnight prior to microsome isolation. A buffeT containing 50 mM 
Tris-HCl and 150 mM KC1 (adjusted to pH 7.4) was used for the 
isolation and incubation medium. Incubations were performed in a 
shaking water bath at 37°C in 25-ml sealed flasks; the total volume 
was 5 ml and the protein concentration of the solution was 0.62 ± 
0.16 mg/ml (mean ± 1 SD, n - 15). The flask atmospheres with an 
oxygen concentration different from 21% were adjusted by flushing 
the flask with nitrogen for 15 min and injecting graded amounts of 
oxygen. All reagents used were purged with nitrogen. 

Lipid peroxidation was initiated after a 5- min preincubation of 
microsomes at 37°C by the addition of 5 pM iron, 2 mM ADP, and 1 
mM ascorbate. Depending on the experiment, incubation times var¬ 
ied from 0 to 90 min. The reactions were terminated by withdrawing 
mixture aliquots and immediately processing them for MDA, F 2 - or 
DAG-IsoPs, or fatty acid composition as described below. In some 
experiments, microsomes were incubated with cytosolic fractions 
purified from liver tissue as described (15). 

Quantification of microsomal phospholipid fatty acids and MDA. 
Esterified microsomal phospholipid fatty acids were quantified as 
described, using pentadecanoic acid as a standard (16). Phospholip¬ 
ids were extracted by the method of Folch, which excluded any free 
fatty acids present in microsomes. Free fatty acids comprised an 
insignificant fraction of total fatty acids present (10). MDA was 
quantified by measuring thiobarbituric acid-reactive material em¬ 
ploying a colorimetric assay (17). 

Quantification of F 2 - and D 2 /E 2 -IsoPs. Esterified F 2 -IsoPs in 
microsomal phospholipids were quantified as free F 2 -IsoPs after base 
hydrolysis of lipids, purification, and derivatization as described (9), 
Prior to hydrolysis, IsoP-containing phospholipids were extracted by 
the method of Folch which excluded any free F 2 -IsoPs. Free F 2 -IsoPs 
comprised an insignificant fraction (<5%) of total IsoPs present (10). 
Quantification of F a -IsoPs differed from previous reports in that 
amounts of endogenous compounds were determined by comparing 
the ratios of the area under the chromatographic peaks representing 
endogenous material to that of the standard. 

Esterified DVE^-Isol 1 :- were quantified as free Dj/Ej-IsoPs using a 
modification of previously described methods (11). Briefly, lipids 
from microsomal incubations (1 ml) were extracted by the method of 
Folch (18). The organic layer was dried under nitrogen and resus¬ 
pended in 0.5 ml of CHCl 3 /methanol (2/1, v/v) to which was added 
400 pi methoxyamine HC1 in methanol (40 mg/ml). The mixture was 
incubated at room temperature for 30 min and dried under nitrogen. 
The residue was resuspended in 1 ml methanol containing 0.005% 
butylated hydroxytoluene, and 1 ml KOH (15%) was added. The 
sample was incubated at 37°C for 30 min. The incubation was acid¬ 
ified to pH 3 and diluted to 10 ml with H 2 0. Four nanograms of a 
O-methyloxime derivative of f"HJPGE 2 was added to the mix ture as 
an internal standard. Uy'lL-IsoPs were then purified, further deri- 
vatized, and analyzed as described (11). Quantification of D,_/E 2 - 
IsoPs was determined by comparing the ratios of the area under the 
chromatographic peaks representing endogenous material to that of 
the standard. The precision of this assav is ±6%, while the accuracy 
is 90%. 

Formation of D 2 /E z -IsoPs in rats administered CCL, and in mice 
overexpressing GSH peroxidase. Experiments were also carried out 
to compare the generation of Da/E^IsoPs to F 2 -IsoPs and MDA in 
rats administered CC1 4 (1 ml/kg). One hour after administration, the 
animals were killfed, the livers were harvested, and compounds were 
quantified. In some experiments, animals were pretreated with the 
GSH-depleting agents phorone (250 mg/kg ip) or BSO (4 mmol/kg ip) 
as described (19). In another set of studies, mice genetically engi¬ 
neered to overexpress human extracellular or cytosolic GSH peroxi¬ 
dase (20) were sacrificed and F 2 -IsoPs and D^TL-lsoP levels quanti¬ 
fied in various tissues and plasma. To obtain transgenic and non- 
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transgenic mice used in these experiments, heterozygous transgenic 
founders (lines GP23 and GP17, containing human cytosolic and 
extracellular GSH peroxidases, respectively) were bred with (C57BL/ 
6xCBA/J)Fl mice. Female mice, 5-6 months of age, were main¬ 
tained under 12-h light/dark cycling at 25°C and fed ad lib. 

Statistical analysis. Data were analyzed using Student’s t test. 
Statistical significance was indicated by a value of P < 0.05. 

RESULTS 

Formation of D 2 /E 2 -IsoPs in Rat Liver Microsomes 

Peroxidized with Fe/ADPlAscorbate 

Initially, we examined the time course of formation 
of D 2 /E 2 -IsoPs in peroxidizing rat liver microsomes 
exposed to 21% 0 2 and compared this with the forma¬ 
tion of F 2 -IsoPs and MDA. The results are shown in 
Fig. 1. As is evident, after initiation of peroxidation, 
the formation of MDA (Fig. 1A) and F 2 -IsoPs (Fig. IB) 
increased rapidly and significantly, with much of the 
generation occurring in the first 10 min and reaching a 
plateau within 20 min. In an analogous manner, for¬ 
mation of D 2 /E 2 -IS 0 PS (Fig. IB) increased rapidly 
within the first 20 min of peroxidation and then pla- 
teaued. While the formation of D 2 /E 2 -IsoPs was similar 
to that of F 2 -IsoPs, it is important to note that the 
absolute amount of Dg/Eo-IsoPs generated exceeded, by 
over fivefold, the levels of F 2 -IsoPs in this in vitro 
peroxidizing system. In previous studies, we found that 
levels of esterified F 2 -IsoPs in peroxidizing microsomes 
decreased to some extent at later incubation time 
points (13). Associated with this was an increase in 
levels of free compounds detectable in the incubations. 
This was attributed either to intrinsic phospholipase 
A 2 activity present in microsomes resulting in hydro¬ 
lysis of IsoPs from phospholipids or to nonenzymatic 
decomposition of the phospholipids. In the present 
studies, however, we did not detect any significant 
decrease in the levels of either esterified D 2 /E 2 -ISOPS or 
esterified F 2 -IsoPs nor any increases in the levels of 
free IsoPs associated with longer incubation times. 

As shown in Fig. 1C, esterified arachidonic acid was 
depleted rapidly in peroxidizing microsomes, with most 
of the loss occurring within the first 20 min. The loss 
paralleled the formation of D 2 /E 2 -IsoPs and also the 
generation of F 2 -IsoPs and MDA. In these studies, 
disappearance of arachidonic acid was compared with 
that of palmitic acid, which as a saturated fatty acid is 
not subject to peroxidative damage and, therefore, was 
used to correct for differences in extraction efficiency. 
Collectively, these data provide evidence that in per¬ 
oxidizing microsomes the formation of D 2 /E 2 -IsoPs over 
time parallels not only the generation of F 2 -IsoPs but 
also the formation of MDA and the loss of precursor 
arachidonate. 



0 20 40 so so 100 

Time (min) 



FIG. 1. Time course of formation of MDA (A), F 2 -IsoPs (B, □), and 
D,/E 2 -IsoPs (B» in rat liver microsomes after addition of Fe 3+ , 
ADP, and ascorbate at an O a tension of 21%. (C) Percentage disap¬ 
pearance of palmitic (♦) and arachidonic acid (□) in the same micro¬ 
somal incubations. Baseline values for palmitic and archidouic acid 
were 242 ± 80 and 275 ± 65 nmol/mg protein, respectively. Values 
are means ± SD; N = 5 experiments. 
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Effect of 0 2 Tension on the Formation of D 2 /E 2 IsoPs 

in Microsomes Peroxidized with PelADP/Ascorbate 

The relationship between D 2 /E 2 -IsoP formation and 
the generation of F 2 -IsoPs and MDA was examined at 
various oxygen concentrations. The results are shown 
in Fig. 2. In Fig. 2A, the generation of MDA is shown 
while in Fig. 2B, the formation of IsoPs is summarized. 
At concentrations of 0 2 up to 21%, the generation of 
D 2 /E 2 -IsoPs, F 2 -IsoPs, and MDA paralleled each other. 
At 0 2 concentrations above 21%, however, D 2 /E 2 -IsoP 
and F 2 -IsoP formation plateaued, while MDA concen¬ 
trations increased, albeit at a slower rate than at lower 
0 2 tensions. Maximum fold increases above baseline 
for each lipid peroxidation product were D 2 /E 2 -IsoPs, 
39-fold; F 2 -IsoPs, 23-fold; and MDA, 22-fold. As shown 
in Fig. 2C, concentrations of arachidonic acid de¬ 
creased significantly as oxygen tension increased, and 
the loss correlated with the generation of D 2 /E 2 -IsoPs. 
Half-maximal loss of arachidonic acid occurred be¬ 
tween 5 and 10% 0 2 concentration. Again, losses of 
arachidonic acid are expressed in relation to the con¬ 
centrations of palmitic acid. 

In Table I, increases in D 2 /E 2 -IsoP formation under 
different 0 2 tensions compared with the generation of 
F 2 -IsoPs and MDA and loss of arachidonic acid are 
compiled. When the amount of Dg/Es-IsoP generated 
over a range of 0 2 concentrations was compared with 
the quantity of arachidonic acid consumed, there was 
little variation, with approximately 1 mol of D 2 /E 2 -IsoP 
formed for each 700 mol of arachidonic acid consumed. 
The number of moles of F 2 -IsoPs generated for each 
mole of arachidonic acid consumed was approximately 
1/6000. The number of moles of MDA generated per 
mole of arachidonic acid lost varied more widely; at 0 2 
tensions below 21%, approximately 1 mol of MDA was 
generated for each 3 mol of arachidonate consumed, 
while the ratio was nearly 1:1 at higher O z concentra¬ 
tions. In addition, as is apparent, the total amount of 
MDA generated far exceeded the amount of either D 2 / 
E 2 -IsoP or F 2 -IsoP formed. 

Formation ofD 2 /E 2 -IsoPs in Livers of Rats Treated 

with CCl 4 

We next investigated the relationship between the 
formation of Dj/E.^IsoPs, F 2 -IsoPs, and MDA in an in 
vivo model of lipid peroxidation involving the adminis¬ 
tration of CC1 4 to rats. CC1 4 induces marked lipid per¬ 
oxidation in the livers of animals due to its metabolism 
by the cytochrome P450 enzyme system to the trichlo- 
romethyl radical which oxidizes unsaturated fatty ac¬ 
ids present in tissue phospholipids (19). The results are 
shown in Table II. Increases in esterified D 2 /E 2 -IsoPs 
were 39-fold and for F 2 -IsoPs were 146-fold, while they 
were only 3.2-fold for MDA. Surprisingly, however, 
both at baseline and after CC1 4 treatment, hepatic 





FIG. 2. Oxygen dependence of MDA (A), F z -lsoP (B, □), and D 2 /E 2 - 
IsoP (B, ♦) increase in rat liver microsomes after addition of Fe 3+ , 
ADP, and ascorbate for 20 min. (C) Percentage disappearance of 
palmitic (♦) and arachidonic (□) acid at different O a tensions. Base¬ 
line values for palmitic and aracMAome acid wctc 227 ± 63 and 
249 ± 38 nmol/mg protein, respectively. Values are means ± SD; 
N — 5 experiments. 


PM3006731967 


Source: https://www.industrydocuments.ucsf.edu/docs/mtpx0001 



164 


MORROW ET AL. 


TABLE I 

In Vitro Changes in Oxygen-Dependent Lipid Peroxidation Parameters in Rat Liver Microsomes Incubated 

for 20 min with Fe 3 ' 1 ', ADP, and Ascorbate 


O, tension 

AA loss 
(nmol) 

MDA gain 
(nmol) 

MDA/AA 

F 2 -IsoP 
(pmol gain) 

F 2 -IsoP/AA 

D;/E s -IsoP 
(pmol gain) 

D 2 E 2 -IsoP/AA 

1 

23+2 

8.0 ± 4.0 

173 

4.1 ± 2.0 

1/6000 

40 ± 17 

1/600 

5 

120 ± 20 

38 ± 14 

1/3 

16 ± 3 

1/8000 

105+ 38 

1/900 

10 

161 + 17 

56 ± 20 

1/3 

33 ± 12 

1/5000 

147 ± 60 

1/900 

21 

198 + 55 

75 ± 21 

1/2.5 

44 ± 20 

1/5000 

279 ± 41 

1/700 

100 

184 ± 28 

149 ± 22 

1/1.2 

42 ± 21 

1/5000 

301± 100 

1/600 


Note. All values for arachidonic acid (AA), MDA, F 2 -IsoPs, and D.v'fcb-IsoPs are per milligram of microsomal protein. Baseline values at 0% 
were for AA, 249 ± 38 nmol/mg protein; MDA, 7.0 ± 3.0 nmol/mg protein; F 2 -IsoPs, 2,1 ± 1.1 pmol/mg protein, and D 2 /E 2 -IsoPs, 8.2 ± 2.1 
pmol/mg protein. 


levels of F 2 -IsoPs markedly exceeded levels of D 2 /E 2 - 
IsoPs, a finding opposite to what is observed in peroxi- 
dizing microsomes in vitro in which Djj/Ea-IsoPs are far 
more abundant than P 3 -IsoPs. 

GSH Promotes the Formation of F 2 -IsoPs Relative 

to Do /E 2 -IsoPs in Peroxidizing Microsomes 

It has been previously reported that the cyclooxyge¬ 
nase-derived bicycloendoperoxide intermediate PGH 2 
either isomerizes to PGD 2 /PGE 2 or is reduced to PGF 2a 
in aqueous solutions (14, 21). Formation of PGD 2 /PGE 2 
greatly exceeds that of PGF 2q in aqueous buffers. On 
the other hand, the proportion of PGF 2 „ can be aug¬ 
mented by the addition of GSH and other thiols, likely 
due to the fact that GSH provides reducing equivalents 
necessary for the conversion of PGH 2 to PGF 2ft (14, 22). 
This reaction occurs noncnzymatically, although it has 
been reported that reduction of PGH 2 can also be cat¬ 
alyzed by at least two enzymes (23, 24). That F 2 -IsoPs 
were found at concentrations far greater than D 2 /E 2 - 
IsoPs in liver tissue in the present studies was unex¬ 
pected. Hepatic tissue contains significant concentra¬ 
tions of low-molecular-weight reducing substances 


TABLE II 

Increase in D-j/E^IsoPs, F 2 -IsoPs, and MDA in Rat Livers 
1 h after Intragastric CC1 4 



MDA 

(nmol/g liver) 

F 2 -1soP 
(pmol/g liver) 

D 2 /E 2 -IsoP 
(pmol/g liver) 

Control rats 

247 + 91 

14 + 2 

6+ 4 

Rats administered 

793 ± 241 

2041 ± 346 

236 ± 81 

CC1 4 (1 ml/kg) 
Fold increase 

3.2* 

146f 

39t 


Note. Rat liver tissue used in these studies contained 14.4 /nmol 
arachidonate/g tissue. Values for MDA and IsoPs are mean ± SD. 
n = 5. 

* P < 0.01 compared with baseline, 
f P < 0.001 compared with baseline. 


such as GSH and also a number of enzymes that cat¬ 
alyze reduction reactions. It is conceivable, therefore, 
that the large amounts of F 2 -IsoPs relative to D 2 /E 2 - 
IsoPs in liver tissue could result from the reduction of 
IsoP endoperoxide intermediates by one or several of 
these compounds or enzymes. We thus undertook a 
series of studies to determine factors that might influ¬ 
ence the formation of D 2 /E 2 -IsoPs relative to F 2 -IsoPs 
in peroxidizing microsomes. Initially, we sought to de¬ 
termine whether reduction of IsoP endoperoxide inter¬ 
mediates could be augmented by GSH. For these stud¬ 
ies, microsomes peroxidized with Fe 3+ 7AD P/ascorbate 
were incubated with various concentrations of GSH for 
20 min and the relative levels of D 2 /E 2 -IsoPs compared 
to F 2 -IsoPs. The results are shown in Fig. 3. Increasing 
concentrations of GSH from 0.01 to 5 mM augmented 
the formation of F 2 -IsoPs by 2.5-fold (Fig. 3A). In ad¬ 
dition, the formation of D 2 /E 2 -IsoPs decreased by ap¬ 
proximately 2.5-fold over this concentration range (Fig. 
3B). As shown in Fig. 3C, the ratio of D 2 /E 2 -IsoPs to 
F 2 -IsoPs was also markedly altered, in a concentration- 
dependent manner, by GSH. Taken together, these 
results support the hypothesis that GSH can effect 
reduction of IsoP endoperoxide intermediates to F 2 - 
IsoPs. While the mechanism by which this reduction 
occurs is likely the direct conversion of IsoP endoper- 
oxides to F 2 -IsoPs, it is also possible that the endoper- 
oxides initially isomerize to D./E 2 -IsoPs and are sub¬ 
sequently reduced to F 2 -IsoPs. In this regard, enzymes 
that reduce PGE 2 and PGD 2 to F-ring PGs have been 
described (23, 25). We have found, however, that the 
E-ring IsoP, 8-iso-PGE 2 , when added to microsomal 
incubations containing GSH (1 mM), was not converted 
to an F-ring IsoP (data not shown). Further, when 
phosphatidylcholine species containing D,/E 2 -IsoPs, 
generated from arachidonylphosphatidylcholine and 
purified by HPLC, were added to either microsomal 
incubations or crude rat liver extracts, no increase in 
the formation of esterified F 2 -IsoPs could be detected 
(data not shown). 
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Glutathione Concentrations (mM) 


As noted in Fig. 3, at higher concentrations of GSH, 
the sum of Da/Eg-IsoP and F 2 -IsoP formed in peroxidiz- 
ing microsomes is significantly decreased (up to 40%). 
It has been previously reported that GSH can inhibit 
lipid peroxidation in microsomes in a time-dependent 
fashion, possibly by serving as a cofactor for a reductive 
enzyme (26, 27). Thus, it is possible that the decrease 
in total IsoP formation in microsomal incubations con¬ 
taining higher concentrations of GSH is due to a re¬ 
duction in the formation of arachidonyl peroxyl radi¬ 
cals, the precursors of IsoPs. This concept is further 
supported by the fact that formation of MDA in micro¬ 
somal incubations containing GSH is decreased ap¬ 
proximately 50% compared to incubations in which 
GSH has not been added (data not shown). 


B 


Glutathione Concentrations (mM) 




Glutathione Concentrations (mM) 

FIG. 3. Effect of various concentrations of GSH on the formation of 
F 2 IsoPg (A) and n^/F^-IaoPs (TV) and the ratio of the two classes of 
IsoPs (C) in peroxidizing rat liver microsomes. All incubations were 
20 min in duration. Values are means ± SD; *P < 0.05 compared to 
control. N = 5 experiments. 



Reduction of IsoP Endoperoxides in Peroxidizing 

Microsomes Is Not Dependent on an Enzyme 

Although the relative formation of Dg/E^IsoPs and 
F 2 -IsoPs appears to be dependent on GSH, it is unclear 
whether GSH modulates reduction of IsoP endoperox¬ 
ides nonenzymatically or whether the reduction is de¬ 
pendent on an enzyme that utilizes GSH as a cofactor. 
At least two enzymes, cytosolic GSH transferase and 
PGF synthase have been reported to reduce cyclooxy¬ 
genase-derived PGH 2 to PGF 2 „ (23, 24). Whether these 
enzymes are capable of reducing IsoP endoperoxides 
cannot necessarily be inferred from data regarding the 
reduction of PGH 2 , however, since IsoP endoperoxides 
are formed esterified to phospholipids while PGH 2 is 
generated from free arachidonate. We therefore under¬ 
took studies to determine whether the reduction of 
IsoP endoperoxide intermediates is a direct effect of 
GSH or is dependent on an enzyme that utilizes GSH. 
Initially, we examined the effect of heating microsomes 
on the formation of D 2 /E 2 -IsoPs and F 2 -IsoPs. For these 
studies, microsomal incubation mixtures were incu¬ 
bated in boiling water for 10 min prior to the induction 
of lipid peroxidation. IsoPs were then quantified after 
20 min and ratios of products compared. The results of 
these studies are shown in Table III. Boiling had no 
significant effect on the formation of either D 2 /E 2 -IsoPs 
or F 2 -IsoPs. These results suggest that a protein or 
microsomal enzyme is likely not responsible for the 
reduction of IsoP endoperoxide intermediates. Further, 
as shown in Table III, GSH (0.5 mM) was able to 
increase markedly the formation of F 2 -IsoPs in boiled 
microsomes, suggesting that the reductive effect of 
GSH was not dependent on an enzyme. Although the 
above experiments suggest that reduction of IsoP en¬ 
doperoxides is not dependent on a microsomal protein, 
it is possible that a cytosolic protein might exist which 
could catalyze the reduction. Therefore, studies were 
undertaken to determine whether cytosol catalyzed the 
reduction of IsoP endoperoxide intermediates. For 
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TABLE III 

Effect of the Addition of Various Compounds on the Formation of D 2 /E 2 -IsoPs and F 2 -IsoPs in Peroxidizing Microsomes 


D 2 /E 2 -IsoPs F 2 -IsoPs 

(pmol/mg protein) (pmol/mg protein) D./F...-TsoPs/F 2 -IsoPr 


Control microsomes 

181 ± 91 

27 ± 

7 

6.6 

Boiled microsomes 

174 + 71 

29 ± 

6 

5.9 

Boiled microsomes + GSH (0.5 mM) 

116 ± 53 

48 ± 

11 

2.4 s 

Microsomes + cytosol (1:1, v/v) 

132 ± 46 

41 ± 

11 

3.3* 

Microsomes + boiled cytosol (1:1, v/v) 

115 ± 41 

47 ± 

9 

2.7* 

Microsomes + dialyzed cytosol (1:1, v/v) 

137 ± 42 

24 ± 

13 

5.7 

Microsomes + GSH peroxidase 

131 ± 94 

19 ± 

9 

6.8 

Microsomes + GSH peroxidase + GSH 

92 ± 36 

44 ± 

9 

2.1* 

Microsomes + GSH transferase 

164 + 64 

26 ± 

10 

6.3 

Microsomes + GSH transferase + GSH 

93 ± 61 

44 ± 

10 

2.2* 


Note. Microsomal incubations were 20 min in duration. Values for IsoPs are means ±1 ST). Values for IsoP ratios are the mean fold change 
compared to controls. N = 5 experiments. 

* P < 0.05 for ratio of IsoPs in a particular incubation compared to control microsomes. 


these experiments, cytosolic fractions obtained from 
microsomal purifications (13) were added to peroxidiz¬ 
ing microsomes (1:1, v/v ratio) and IsoP formation was 
assessed. The results are shown in Table III. As is 
evident, both fresh and boiled cytosol enhanced the 
formation of P 2 -IsoPs compared to Dgd^-IsoPs in mi¬ 
crosomal incubations. These results suggest that a 
non-heat-labile factor present in cytosol catalyzes the 
reduction of IsoP endoperoxides. Cytosolic fractions 
contain significant amounts of GSH and other small 
molecules that could account for this reductive capac¬ 
ity. Further evidence that a low-molecular-weight cy¬ 
tosolic factor is responsible for the reduction of IsoP 
endoperoxide intermediates was provided by experi¬ 
ments in which cytosol that had been dialyzed for 12 h 
failed to enhance IsoP endoperoxide reduction (Table 
III). We also examined the ability of two commercially 
available enzymes, cytosolic GSH peroxidase (100 


units/ml microsomal incubation) and GSH transferase 
(50 units/ml microsomal incubation), to catalyze the 
reduction of IsoP endoperoxides. As shown in Table III, 
the effect of each enzyme on IsoP formation in the 
presence of added GSH (0.5 mM) was no different from 
the effect of GSH alone, suggesting that GSH peroxi¬ 
dase and GSH transferase do not catalyze the forma¬ 
tion of F 2 -IsoPs. In summary, these studies support 
the hypothesis that reduction of IsoP endoperoxides 
esterified in microsomal lipids is modulated by GSH 
directly. 

Effects of Other Thiols on IsoP Reduction 

We next examined the ability of other thiols in addi¬ 
tion to GSH to reduce IsoP endoperoxide intermedi¬ 
ates. We reasoned that if GSH enhanced the formation 
of F 2 -IsoPs as a result of nonenzymatic transfer of 


TABLE IV 

Effects of Various Thiols and Other Reducing Substances on Dr/E^IsoP and F 2 -IsoP Formation in Peroxidizing Microsomes 


Fj-IsoPs Da/Ej-IsoPs 

(pmol/mg protein) (pmol/mg protein) D 2 /E z IsoPs/F 2 IsoPs 


Control 

24 ± 

8 

142 ± 42 

5.9 

GSH (0.5 mM) 

44 ± 

9 

119 ± 36 

2.7* 

/3-Mercaptoethanol (0.5 mM) 

40 ± 

9 

136 ± 71 

3.4* 

Cysteine (0.5 mM) 

38 ± 

8 

106 ± 23 

2.8* 

Dithiothreitol (0.5 mM) 

53 ± 

12 

122 ± 61 

2.3* 

GSSG (0.5 mM) 

25 ± 

13 

158 ± 41 

6.3 

NADH (1 mM) 

27 ± 

7 

170 ± 69 

6.3 

NADPH (1 mM) 

26 ± 

12 

151 ± 38 

5.8 

Ascorbate (10 mM) 

23 ± 

18 

141 ± 47 

6.1 


Note. Microsomal incubations were 20 min in duration. Values for F a -IsoPs are means ±1 SD. Values for IsoP ratios are mean fold 
differences compared to control. N = 4 experiments. 

* P < 0.05 for ratio of IsoPs in a particular incubation compared to control microsomal incubations. 
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TABLE V 


Levels of Dg/Ea-IsoPs in Liver Tissue from Rats Administered CC1 4 and Sacrificed after 1 or 24 h 



Dy/E 2 -IsoPs 
(pmoL/g tissue) 

F 2 -IsoPs 
( pmol/g tissue) 

D/fcb-IsoPs/FVIsoPs 

1 h 

-Phorone, -BSO 

375 ± 261 

3120 ± 982 

0.12 

+Phorone 

1620 + 473 

2040 ± 441 

0.79* 

+ BSO 

1740 ± 391 

1430 ± 511 

1.22* 

24 h 

-Phorone, —BSO 

399 ± 177 

1310 ± 321 

0.30 

-f Phorone 

760 ± 166 

720 ± 293 

1,06* 

+BSO 

457 ± 132 

580 ± 266 

0.79* 


Note. Values for D/E 2 -IsoPs and F 2 -IsoPs are means ±1 SD. Values for IsoP ratios are mean fold differences compared with animals not 
receiving pretreatment with either phorone or BSO. N - 6 animals per treatment group, 

* P < 0.05 for pretreated animals compared to those not receiving BSO or phorone. 


reducing equivalents to the endoperoxide intermedi¬ 
ate, other thiols might possess similar activity. The 
results of these experiments are shown in Table IV. 
The thiols /3-mercaptoethanol (0.5 mM), cysteine (0.5 
mM), and dithiothreitol (0.5 mM) are all capable of 
enhancing the formation of F 2 -IsoPs relative to D 2 /E 2 - 
IsoPs in peroxidizing microsomes by approximately 
twofold, suggesting that reduction of IsoP endoperox- 
ides may result from transfer of hydrogen atoms from 
the thiol groups of various compounds. Further sup¬ 
port for this hypothesis comes from additional experi¬ 
ments summarized in Table IV, in which glutathione 
disulfide (GSSG, 0.5 mM) and the reducing agents, 
including NADH (1 mM), NADPH (1 mM), and ascor¬ 
bate (10 mM), failed to enhance the formation of F 2 - 
IsoPs compared to control incubations. 

Effects of GSH Depletion in Rats on the Formation 

of F 2 -IsoPs and D 2 /E 2 -IsoPs 

While the relative formation of D 2 /E 2 -IsoPs to F 2 - 
IsoPs in peroxidizing microsomes in vitro can be af¬ 
fected by GSH, an important unresolved issue is 
whether this might also occur in vivo. Thus, we under¬ 
took experiments to determine whether alterations in 
GSH levels in rats affect the formation of D 2 /E 2 -IsoPs 
relative to F 2 -IsoPs in vivo. For these studies, rats were 
pretreated with either phorone or BSO, which deplete 
GSH stores. Then CC1 4 (1 ml/kg) was administered 
intragastrically. Animals were sacrificed at either 1 or 
24 h and liver tissue was assessed for IsoPs. The re¬ 
sults of these studies are summarized in Table V. In 
control animals sacrificed at 1 h, F 2 -IsoP levels ex¬ 
ceeded D 2 /E 2 -lsoP levels by nearly 10-fold. Interest¬ 
ingly, treatment of animals with either BSO or phor¬ 
one markedly increased Da/E^-IsoP formation and de¬ 
creased F 2 -IsoP generation by 5- to 10-fold. Similar 
results were obtained in animals sacrificed at 24 h, 
although the decreases in F 2 -IsoP formation in GSH- 


depleted animals were less than those at 1 h. Taken 
together, these results suggest that GSH may modu¬ 
late IsoP endoperoxide reduction and thus the relative 
formation of D-j/Ea-IsoPs and F 2 -IsoPs in vivo. 

Effect of Over expression of GSH Peroxidase 

in Transgenic Mice on IsoP Formation 

While studies in rats administered BSO or phorone 
suggest that GSH modulates IsoP formation in vivo, it 
is not clear whether this effect is due to GSH acting as 
a reducing agent nonenzymatically or whether the re¬ 
duction is catalyzed by an enzyme utilizing GSH as a 
cofactor. Recently, one of us successfully developed 
transgenic mice overexpressing either cytosolic or 
plasma GSH peroxidase (20). Activities of the cytosolic 
form of the enzyme are increased 1.3-fold in the liver 
and 1.5-fold in the kidney. Further, in mice overex¬ 
pressing the extracellular form of GSH peroxidase, 
plasma enzyme activity is increased 1.5-fold compared 
to control mice. Tissue GSH and GSSG levels in trans¬ 
genic mice are no different from those in control ani¬ 
mals. In an effort to determine whether GSH peroxi¬ 
dase might be responsible for modulating IsoP reduc¬ 
tion in vivo , we examined levels of IsoPs in livers, 
kidneys, and blood from these animals. The results are 
shown in Table VI. Levels of both D 2 /E 2 -IsoPs and 
F 2 -IsoPs in various organs or plasma of transgenic 
mice are virtually identical to those of control mice, 
suggesting, at least in the baseline state, that overex¬ 
pression of cytosolic or extracellular GSH peroxidase 
does not alter IsoP formation to a significant extent 
in vivo. 

DISCUSSION 

The present studies were undertaken to characterize 
factors influencing the formation of D^fl^-IsoPs. 

IsoPs are novel products of lipid peroxidation formed 
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Table vi 

Levels of D 2 /E 2 -IsoPs and F 2 -IsoPs in Various Organs 
or Plasma of Transgenic Mice Overexpressing either 
Human Cytosolic GSH Peroxidase (GPX-C) 
or Plasma GSH Peroxidase (GPX-P) 


D 2 /E 2 -IsoPs F 2 -IsoPs Da/Ea-IsoPs/ 

(pmol/g tissue) (pmol/mg tissue) P 2 -IsoPs 


Liver 


Control 

30 ± 12 

63 ± 18 

0.48 

GPX-C 

39 ± 18 

66 ± 27 

0.60 

GPX-P 

27 ± 9 

54 ± 25 

0.50 

Kidney 




Control 

12+ 3 

16 ± 2 

0.75 

GPX-C 

12 ± 4 

15 ± 4 

0.80 

GPX-P 

10 ± 3 

13 ± 5 

0.77 


Plasma F 2 -IsoP levels 




(pmol/ml) 



Control 

246 ± 64 



GPX-C 

309 ± 93 



GPX-P 

297 ± 39 

, 



Note. N = 3 animals per group. 

from the free-radical-catalyzed peroxidation of arachi- 
donic acid independent of the cyclooxygenase enzyme 
(11). Unlike F 2 -IsoPs, Dgifll^-IsoPs result from isomer¬ 
ization, rather than reduction, of IsoP endoperoxide 
intermediates. We have compared the formation of D 2 / 
Eg-IsoPs to F 2 -IsoPs and to the generation of a com¬ 
monly used measure of lipid peroxidation, MDA, in 
peroxidizing rat liver microsomes. The loss of arachi- 
donic acid was used as a reference measurement. 

A number of important observations have emerged 
from the studies reported herein. First, we have fo un d 
that the generation of D 2 /E 2 -IsoPs was influenced to a 
large extent by the oxygen tension present in the reac¬ 
tion medium. Small amounts of D^a-IsoPs were gen¬ 
erated at very low 0 2 tensions, but their formation 
increased markedly as O a concentrations increased up 
to 21% and above this concentration their production 
plateaued. Formation of F 2 -IsoPs paralleled formation 
of D 2 /E 2 -IsoPs, although the amounts of the latter com¬ 
pounds generated in peroxidizing microsomes greatly 
exceeded the former. At concentrations of 0 2 less than 
21%, D 2 /E 2 -IsoPs correlated with MDA generation, but 
above 21% 0 2 , MDA concentrations continued to in¬ 
crease. At all oxygen concentrations, the formation of 
D 2 /E 2 -IsoPs correlated with the loss of precursor ara- 
chidonic acid. 

The fact that D 2 /E 2 -IsoP production correlates with 
precursor unsaturated fatty acid loss is important 
since it implies that D^^IsoPs may be a useful mea¬ 
sure of lipid peroxidation at high oxygen tensions. This 
is in contradistinction to other measures that assess 
lipid peroxidation, such as alkane formation (15). At 


low 0 2 tensions, pentane or ethane formation corre¬ 
lates with fatty acid oxidation, whereas the generation 
of pentane decreases at higher 0 2 tensions despite 
increasing loss of polyunsaturated fatty acids. The rea¬ 
son for this is unknown but may be due to the prefer¬ 
ential formation of lipid peroxidation products other 
than alkanes at higher 0 2 tensions (13, 15). The fact 
that the formation of D 2 /E 2 -IsoPs parallels the forma¬ 
tion of F 2 -IsoPs in peroxidizing microsomes implies 
that either series of compounds may be useful to assess 
lipid peroxidation in vitro. On the other hand, since 
absolute amounts of D 2 /E 2 -IsoPs greatly exceed those 
of F 2 -IsoPs, it is possible that measurement of D 2 /E 2 - 
IsoPs may be a more sensitive indicator of oxidant 
stress. 

In these studies, there is a dissociation among MDA 
formation, D 2 /E 2 -IsoP formation, and the loss of ara- 
chidonic acid at higher 0 2 concentrations. The reason 
for this is unclear but may be explained by the fact 
that, whereas D 2 /E 2 -IsoPs derive only from arachi- 
donic acid, MDA is generated by other fatty acids that 
display different rates of peroxidation at different ox¬ 
ygen tensions based on the number of double bonds 
contained in the molecule. It has been previously 
shown that fatty acids possessing more double bonds 
are peroxidized to a greater extent at given 0 2 tensions 
(17). Thus, it is conceivable that arachidonic acid, 
which is highly unsaturated, is the primary source for 
MDA in peroxidizing microsomes at lower oxygen ten¬ 
sions and thus the generation of MDA and loss of 
arachidonate correlate. At higher 0 2 tensions, how¬ 
ever, other fatty acids containing fewer double bonds, 
such as linoleic acid, may contribute a relatively 
greater fraction to the generation of MDA, thus alter¬ 
ing the relationship between MDA formation and ara¬ 
chidonic acid consumption. 

In addition to the in vitro studies reported, we also 
compared the formation of IsoPs with that of MDA in 
an in vivo model of oxidant stress employing the ad¬ 
ministration of CC1 4 to rats. It is of interest to note that 
unlike the generation of MDA and IsoPs in vitro, in¬ 
creases in D 2 /E 2 -IsoPs in liver tissues of animals 
treated with CC1 4 were far greater than those for MDA. 
We have previously reported similar findings when 
MDA formation was compared to F 2 -IsoP generation in 
vivo (13). This is likely due to the fact that IsoPs, 
unlike MDA, are relatively more stable in vivo and may 
be metabolized to a lesser extent (13, 19, 28). In these 
studies, MDA was measured using a colorimetric assay 
that quantified thiobarbituric acid reactive material. 
In addition to MDA generated from lipid peroxidation, 
it is well known that other substances such as sugars, 
proteins, and pigments will cross-react in the assay to 
yield thiobarbituric acid-reactive substances (28). Al¬ 
though numerous methods such as HPLC purification 
of MDA have been developed to attempt to circumvent 
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this problem, none is entirely successful (29). This is 
particularly true when the assay is utilized to measure 
biological fluids and tissue extracts. Thus, while fre¬ 
quently used as an index of lipid peroxidation, MDA 
values obtained from a biological source must be inter¬ 
preted cautiously. Therefore, it is possible that in the 
present studies, the fold increases in MDA in the livers 
of CCl 4 -treated rats were artificially low due to inter¬ 
fering substances elevating baseline measurements. 
Nonetheless, it appears as though measurement of D 2 / 
E 2 -IsoPs, like F 2 -IsoPs, provides a better index of lipid 
peroxidation in vivo. 

An important finding in the present studies is that 
while the formation of D 2 /E 2 -IsoPs greatly exceeds the 
formation of F 2 -IsoPs in peroxidizing microsomes, F 2 - 
IsoP levels in livers of rats are significantly greater 
than those of D^cj-IsoPs. These observations imply 
that an endogenous factor(s) present in tissues deter¬ 
mines whether IsoP endoperoxide intermediates un¬ 
dergo isomerization to D z /E 2 -IsoPs or are reduced to 
F 2 -IsoPs. It has been shown that several factors can 
affect the extent to which the unstable cyclooxygenase- 
derived bicycloendoperoxide intermediate PGH 2 un¬ 
dergoes reduction to PGF 2a versus isomerization to 
PGD 2 and PGE 2 . For example, Nugteren and others 
have reported that in aqueous buffers at neutral pH, 
FGH 2 primarily undergoes isomerization to PGD 2 and 
FGE 2 , and PGF 2a is formed in very small amounts (14, 
21). Formation of PGF 2a can be enhanced in the pres¬ 
ence of GSH, particularly if traces of transition metals 
or redox cycling agents such as quinones are present to 
catalyze the reduction (14). Under these conditions, 
yields of PGF 2q up to 50% occur. In addition, it has 
been reported that at least two enzymes can catalyze 
the reduction of the endoperoxide intermediate PGH 2 
to PGF 2o . Hayaishi and colleagues have characterized 
a prostaglandin F synthase from bovine lung that uti¬ 
lizes NADPH to reduce the endoperoxide (23). Inter¬ 
estingly, this enzyme also reduces PGD 2 to a PGF-ring 
compound, 9a,ll/3-PGF 2 . Reddy and his colleagues 
have also reported that several cytosolic GSH trans¬ 
ferases reduce PGH 2 to PGF 2 „ (24). The role that these 
enzymes play in the formation of PGF 2k in vivo, how¬ 
ever, is not entirely clear. Further, although PGD 2 and 
PGE 2 can be formed nonenzymatically from the decom¬ 
position of PGH 2 , several enzymes which are capable of 
isomerizing the endoperoxide have been characterized. 
Two forms of PGD synthase, one requiring GSH and 
one GSH independent (30, 31), that convert PGH 2 to 
PGD a have been described, while both GSH-dependent 
and GSH-independent forms of PGE synthase that cat¬ 
alyze the formation of PGE 2 from the endoperoxide 
have been characterized (32). Although these various 
enzymes readily metabolize PGH 2 to PGD 2 , PGE 2 , or 
PGF 2c( , it is unknown whether they can convert IsoP 
endoperoxides to the corresponding D-ring, E-ring, or 


F-ring IsoPs because, unlike PGH 2 , which is generated 
from free arachidonic acid, IsoP endoperoxide interme¬ 
diates are formed esterified in phospholipids (9). In 
addition, it is likely that the enzymatic conversion of 
PGH 2 to various PGs is stereospecific. A significant 
difference between PGH 2 and IsoP endoperoxides is 
the configuration of the upper side chain relative to the 
prostane ring (9). PGH 2 possesses side chains that are 
trans to one another while IsoP endoperoxides would 
be predicted to largely contain cis side chains. For this 
reason it might be unlikely that enzymes which me¬ 
tabolize PGH 2 would be able to convert IsoP endoper¬ 
oxide intermediates to F- or D/E-ring IsoPs. 

In the present studies, we have examined the ability 
of various compounds to affect the formation of D 2 /E 2 - 
IsoPs and F 2 -IsoPs in vitro and in vivo. Experiments 
were performed in vitro utilizing rat liver microsomes 
to generate IsoP endoperoxide intermediates because 
these unstable compounds cannot be isolated intact 
and studied directly (9). Utilizing this system, we have 
found that GSH markedly increases, in a concentra¬ 
tion-dependent manner, the formation of F 2 -IsoPs com¬ 
pared to that of Dg/Eg-IsoPs. This effect appears to be 
due to an enhancement of the direct reduction of IsoP 
endoperoxides to F 2 -IsoPs as opposed to the isomeriza¬ 
tion of IsoP endoperoxide intermediates to D 2 /E 2 -IsoPs 
followed by reduction to F 2 -IsoPs because addition of 
either chemically pure 8-iso-PGE 2 or phospholipids 
containing esterified D 2 /E 2 -IsoPs to microsomal incu¬ 
bations did not increase the formation of F-ring IsoPs. 
Further, the ability of GSH to reduce IsoP endoperox¬ 
ides appears to be a direct nonenzymatic effect of the 
compound and not to be due to a microsomal enzyme 
that utilizes GSH as a cofactor since boiling of micro¬ 
somes does not alter the relative formation of various 
classes of IsoPs. In addition, our studies also suggest 
that cytosol does not contain a protein which catalyzes 
endoperoxide reduction since addition of dialyzed cyto¬ 
solic fractions, which are depleted of GSH, to microso¬ 
mal incubations does not alter the ratios of D-j/Ea-IsoPs 
to F 2 -IsoPs. 

Consistent with the observations of others, we have 
found that there is a concentration-dependent decrease 
in lipid peroxidation in microsomal incubations to 
which GSH is added (26, 27). Lipid peroxidation was 
quantified by measuring both total IsoP production 
and MDA generation. This effect appears to be enzyme 
or protein dependent since it can be abolished by heat¬ 
ing or by trypsin treatment (26, 27). It has been hy¬ 
pothesized that at least two known GSH-requiring mi¬ 
crosomal enzymes, microsomal GSH transferase (33) 
and phospholipid hydroperoxide GSH peroxidase (34), 
may be responsible for inhibiting lipid peroxidation in 
peroxidizing microsomes to which GSH has been 
added. In the present studies, however, the lack of an 
effect of boiling microsomes on the relative formation of 
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different IsoP classes would suggest that neither of 
these enzymes is responsible for modulating the forma¬ 
tion ofD 2 /E 2 -IsoPs compared to that of F 2 -IsoPs. Alter¬ 
natively, it has been suggested that GSH may regulate 
the extent of oxidation in peroxidizing rat liver micro- 
somes by reducing protein thiols, which then serve as 
the primary sources of reducing equivalents to inhibit 
lipid peroxidation (35). This protective effect, however, 
is lost when microsomes are heated. 

Additional support for the hypothesis that GSH mod¬ 
ulates IsoP endoperoxide reduction is provided by ex¬ 
periments showing that other thiols, including /3-mer- 
captoethanol, dithiothreitol, and cysteine, can substi¬ 
tute for GSH, although GSSG cannot nor can the 
reducing agents NADH, NADPH, or ascorbate. Fur¬ 
ther, the addition of either cytosolic GSH peroxidase or 
GSH transferase had no effect on IsoP formation. Al¬ 
though the studies reported herein utilized Fe/ADP/ 
ascorbate to induce lipid peroxidation, we have also 
found that GSH modulates the relative formation of 
D 2 /E 2 -IsoPs to F 2 -IsoPs in microsomes peroxidized 
with the water-soluble oxidant 2,2'-azobis-2-amidino- 
propane or with CC1 4 /NADPH (data not shown). Taken 
together, these studies suggest that GSH modulates 
IsoP endoperoxide reduction in peroxidizing micro¬ 
somes in a direct, nonenzymatic manner. On the other 
hand, it is possible that in addition to GSH, another 
low-molecular-weight reducing agent or enzyme that is 
capable of regulating the relative formation of D 2 /E 2 - 
IsoPs and F 2 -IsoPs might exist. While we have no 
evidence at present for this, it is conceivable that such 
a factor was excluded from the microsomal fractions 
during the isolation procedure or was inactivated dur¬ 
ing microsomal purification. 

Consistent with our observations in peroxidizing mi¬ 
crosomes in vitro, we found that depletion of GSH in 
rats using BSO or phorone increased the CCl 4 -induced 
levels of D 2 /E 2 -IsoPs compared to those of F 2 -IsoPs in 
liver tissue. These observations are of importance from 
a pathophysiological viewpoint since they imply that 
the relative abundance of different classes of IsoPs can 
be modulated by an endogenous reducing factor. At 
least two IsoPs, 8-iso-PGF 2a and 8-iso-PGE 2 , possess 
potent biological activity (7, 11) and it is likely that 
other IsoPs are bioactive. Thus, it is possible that the 
pathophysiological consequences of oxidant stress 
might depend not only on the magnitude to which lipid 
peroxidation occurs but also on the relative abun¬ 
dances of different classes of IsoPs that are formed. In 
addition, these studies imply that a more accurate 
quantification of the extent of lipid peroxidation in vivo 
might involve the measurement of both D 2 /E 2 -IsoPs 
and F 2 -IsoPs in biological fluids and tissues rather 
than the quantification of only one class of IsoPs since 
GSH, and potentially other reducing agents, modulate 
the formation of different IsoPs. Further, although the 


in vivo studies reported herein support our in vitro 
observations that GSH directly affects IsoP endoperox¬ 
ide reduction, it is conceivable that part of the effect of 
GSH depletion on the relative formation of D^T^-IsoPs 
and F 2 -IsoPs in vivo is due to alterations in the levels 
of another low-molecular-weight antioxidant(s) or to 
the activity of a reducing enzyme(s). 

In addition to examining the effect of GSH in mod¬ 
ulating IsoP formation in vivo, we also had the oppor¬ 
tunity to determine whether overexpression of either 
human cytosolic or plasma GSH peroxidase in mice 
regulates IsoP formation. As noted, no effect was ob¬ 
served in either tissues or plasma of these animals, 
supporting our in vitro findings that these enzymes do 
not modulate IsoP formation. 

In summary, these studies have provided data re¬ 
garding factors controlling the generation of D 2 /E 2 - 
IsoPs in vitro and in vivo, particularly in comparison 
to the formation of F 2 -IsoPs. We have validated the 
usefulness of quantifying D 2 /E 2 -IsoPs under a vari¬ 
ety of 0 2 concentrations as an index of lipid peroxi¬ 
dation in vitro. Further, we have shown that these 
compounds can be readily quantified in animal tis¬ 
sues in vivo in situations of oxidant stress. Finally, 
we have provided evidence that the relative forma¬ 
tions of D 2 /E 2 -IsoPs and F 2 -IsoPs are regulated in 
vitro and in vivo by GSH. 
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